How organisms are able to overcome barriers to dispersal is a central question in biology ([@r1]). Dispersal events are key to gene flow, distribution ranges, metapopulation dynamics, speciation, and invasiveness ([@r2]). Among these, long-distance dispersal events are generally rare and stochastic ([@r1]), but have major influence over species range expansions ([@r3]). It is especially intriguing how aquatic organisms move across an inhospitable terrestrial matrix between river catchments ([@r4]). Fish are often able to colonize remote lakes or ponds, but suggested mechanisms have gained little empirical support ([@r5], [@r6]). It has been speculated that the most likely dispersal mechanism for fish over dry land is the external transport of eggs on the feathers or feet of waterbirds ([@r5]). Nonetheless, there is almost no evidence for this ([@r7]), calling for the investigation of alternative mechanisms that allow fish to disperse to isolated waterbodies.

An ability to disperse inside terrestrial vertebrates following ingestion (endozoochory) is one such mechanism. Endozoochory by waterbirds has been demonstrated for a range of aquatic invertebrates, including insect larvae ([@r8]), as well as soft plant parts and seeds ([@r9][@r10]--[@r11]). A recent study found that diapaused eggs of annual killifish survive passing the gut of coscoroba swans ([@r6]). That study provided the first evidence that endozoochory might play a role in the long-distance dispersal of vertebrates. However, killifish possess adaptations that enable them to survive hostile environments. Killifish zygotes often enter diapause for years during periodic droughts in their ephemeral habitats, while the highly specialized chorionic membrane isolates the embryo and allows it to survive anoxia, hypersalinity, or desiccation ([@r12]). The water permeability of diapausing embryos can be orders of magnitude lower than that of other teleost fishes, while the enveloping cell layer acts as a highly efficient barrier to ion exchange ([@r12]). It is therefore not so surprising that these resistant eggs were able to survive the acidic, anoxic environment in the waterfowl digestive tract, but the enveloping cell layer of annual killifishes is unique among teleost fish ([@r12]). Thus, it remains to be determined whether endozoochory can be a dispersal mechanism in soft-membraned eggs found in the overwhelming majority of freshwater fish.

Here, we experimentally investigate the ability of two soft-chorion fish species to disperse by endozoochory. Our aim was to establish whether fish embryos undergoing active development can survive gut passage through waterfowl. We chose two cyprinid fish species with wide geographic ranges, that are effective invaders, and have nonresistant chorionic membranes, similar to most teleosts.

Materials and Methods {#s1}
=====================

We conducted two feeding experiments with mallards (*Anas platyrhynchos*), a cosmopolitan dabbling duck with a key role in the dispersal of terrestrial and aquatic plants ([@r11]). Twenty-four hours prior to the experiment, ducks were housed in individual cages (60 × 40 × 50 cm) built of wire mesh. Plastic trays were placed under each cage to collect droppings. Water and food (a mixture of wheat, corn, and sunflower seeds) was provided ad libitum throughout. All birds were 1 y old and raised under identical conditions.

Mallards were force-fed with common carp eggs in the first experiment and with Prussian carp eggs in the second. All eggs were obtained from the Research Institute for Fisheries and Aquaculture, Szeged, Hungary, by means of live harvest. Eggs and milk were mixed, with a 100% and 30% fertilization rate for common and Prussian carp, respectively. After artificial insemination, eggs were incubated at 22 °C in Zuger glass for 24 h prior to the experiment. The embryos were at the morula stage at the time of force-feeding. Three batches of 100 eggs were weighed for each species (mean ± SD for common carp = 0.63 ± 0.05 g; Prussian carp = 0.55 ± 0.05 g). In each experiment, 3 g (*ca*. 500 eggs) were force-fed to each of eight birds (four males, four females).

Feces were collected from the plastic trays at 1, 2, 4, 6, 8, 12, and 24 h after force-feeding, then immediately soaked in filtered river water (from the East Main Channel, Hungary). Samples were sieved (100 µm), and intact eggs (containing embryos) were collected. Eggs were placed in FIAP Proficare©K30 1,5% solution for 15 min to counter fungal infection during incubation. To test their viability, we moved all recovered eggs to aquaria filled with filtered river water and equipped with air pumps. Eggs were placed in plastic tubes with fine mesh bottoms to allow water circulation. Eggs collected from a given mallard at a given hour were placed in the same tube during hatching. We used 50 fertilized eggs of each species from the same experimental batch of eggs as controls, which were handled in the same way as those recovered from mallards. Aquaria were kept at room temperature (*ca*. 26 °C). The experiment was approved by the scientific council of the Babeş-Bolyai University, Cluj-Napoca (14689/31.08.2018).

Results {#s2}
=======

Eight intact common carp eggs (*ca*. 0.2% of those ingested) and 10 Prussian carp eggs (*ca*. 0.25%) were recovered from feces ([Fig. 1](#fig01){ref-type="fig"}). All eggs were passed in the first hour following force-feeding, except for one common carp egg egested between 4 h and 6 h after feeding. All passed common carp eggs and four Prussian carp eggs had viable embryos, as indicated by the movement of embryos within the translucent eggs. The remaining six eggs of Prussian carp appeared to have been fertilized, but the embryo died during gut passage. Six mallards out of the eight egested at least one egg ([Fig. 1](#fig01){ref-type="fig"}). Male birds passed more eggs than females (M:F = 15:3 eggs).

![Numbers of eggs fed, of intact eggs recovered, and of fry that hatched following gut passage; \#number refers to duck ID in the experiment.](pnas.2004805117fig01){#fig01}

During incubation, seven common carp and two Prussian carp embryos died due to fungal infection. The common carp egg passed after 4 h to 6 h subsequently hatched 68 h after ingestion. Two Prussian carp eggs (passed within 1 h after feeding) hatched 49 h after ingestion. All control common carp eggs died due to fungal infection. Of control Prussian carp eggs, 14 hatched, and the rest died due to fungal infection.

Discussion {#s3}
==========

Our experiment provides evidence that soft-chorion fish embryos, undergoing active embryonic development, can survive passage through the digestive tract of vertebrates, enabling endozoochory. Such survival was not a freak event, and occurred in 75% of the experimental ducks and in both fish species studied, which have eggs and embryos typical of teleost fish. Our study thus provides a potential explanation in a long-standing debate on how fish colonize remote, isolated water bodies, including crater lakes, desert lakes, and temporary wetlands within agricultural fields ([@r13]).

Although only 0.2% of eggs survived gut passage through mallards, endozoochory of fish is likely to be frequent in nature, given the frequent feeding by birds on fish roe, which are rich in proteins and lipids ([@r14]). Diet studies record fish eggs in the digestive tracts of dabbling and diving ducks ([@r15], [@r16]), gulls, and shorebirds ([@r14]). As many as 217 fish eggs have been recorded in a single mallard ([@r17]), and fish eggs, when available, often take up 100% of the stomach content of birds, reaching a maximum of 63,501 eggs in a glaucous gull ([@r14]). Five common bird species were estimated to consume 857 t (*ca*. 31% of all) of Pacific herring (*Clupea pallasi*) eggs within 27 d at one spawning site ([@r14]). Therefore, the large number of eggs available in the water during spawning, combined with the high abundance and diversity of waterbirds that may consume eggs, provide considerable potential for frequent dispersal events via endozoochory. Both fish studied here are highly fecund. A single common carp lays up to 1.5 million eggs at a spawning event, compared to 400,000 for Prussian carp. Mallard numbers are in the tens of millions ([@r18]), and they are likely to use any Eurasian or American wetland with carp. The invasive success of these fish species might thus be related to their high fecundity, potential for endozoochorous dispersal, and broad ecological niche, as well as to the ability of the Prussian carp to reproduce asexually ([@r19]).

During the experiment, we recovered 18 eggs from mallards, of which 12 contained viable embryos. During the hatching process, only three of these eggs hatched successfully, the rest being lost to a fungal infection that caused similarly high embryo mortality in the control groups. Thus, the cause of low hatchability was likely to be suboptimal culture conditions, and not a consequence of gut passage. Our experimental setup may have facilitated fungal infection, due to weak antifungal treatment, small water volume, a shared tank for eggs placed for hatching, and insufficient water circulation around the eggs. These technical issues regularly increase the susceptibility of eggs to fungal infection in artificial fish breeding ([@r20]). In contrast, eggs are unlikely to experience fungal infection in the wild, especially due to larger water volume and optimal spacing of the eggs ([@r21]).

Further research is needed to assess what species traits of fish (e.g., chorion structure, hatching time, fecundity, spawning time, and substrate) or their avian vectors (e.g., diet, movement) influence the potential for fish endozoochory. Benthic spawners may be more likely to be dispersed by benthic feeding birds such as diving ducks, and fish spawning on macrophytes like carp may be more likely to be dispersed by dabbling ducks and herbivorous waterfowl. Mass and multiple spawners may also differ in endozoochory potential. Mass spawners produce large masses of eggs synchronously, where birds might gorge on large quantities of eggs within a short period of time, increasing survival of gut passage ([@r22]). Multiple spawners produce eggs asynchronously, ensuring availability of eggs over a longer time frame, exposing these to a larger pool of bird species, and increasing chances of overlap with their migratory periods. Furthermore, it remains to be determined how biological (e.g., pathogens), physical (e.g., temperature), and chemical (e.g., acidity) conditions within the digestive tract influence hatchability of fish eggs or their postembyronic development in nature.

Despite the relatively short retention times of fish eggs within the digestive tract of mallards, these birds are still likely to play a significant role in long-distance dispersal of carp. In our experiment, most fish eggs were passed within 1 h of ingestion, suggested a maximum dispersal range of 60 km based on flight speed of mallards ([@r23]), although one egg hatched after retention in the gut for between 4 h and 6 h, indicating potential dispersal of up to 360 km. Like insect ([@r24]) and zooplankton eggs, fish eggs will be dispersed over shorter distances during migration events than plant seeds, but modeling of banding data supports dispersal over 100 km, and suggests that dispersal distances by mallards are greater in North America than in Europe ([@r25]). High-resolution movement data indicate that the great majority of fish eggs carried in mallards will be dispersed between feeding and roosting sites within 10 km of each other ([@r26]). How often such dispersal events lead to the successful establishment of new populations of invasive freshwater fish is a critical question for future research.

Data Availability. {#s4}
------------------

All data are provided in [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004805117/-/DCSupplemental).
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